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Rearrangement of Lipid Ordered Phases Upon Protein Adsorption Due to Multiple Site Binding
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This study involves the interactions of proteins with Langmuir monolayers of a metal-chelating lipid,
where adsorption is driven by a strong specific interaction between histidines on the proteins and divalent
metal ions loaded into the lipid headgroups. A comparison of the structural rearrangement of the lipid film
upon adsorption of myoglobin and a synthetic peptide, each of which have multiple histidines, with that
upon the adsorption of lysozyme, which has only one histidine, suggests that the lipid rearrangement in
the former case is due to the multiplicity of binding sites. The kinetics and manner of rearrangement
change with the binding energy and film pressure.
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Knowledge of the dynamical processes involved when
proteins associate with lipid membranes is important for
understanding many biological processes such as cell sig-
naling [1] and toxin assault on cells [2,3] as well as for the
development of novel biomaterials. A deeper understand-
ing of protein interactions with lipid membranes could aid
in the development of new drugs, as well as biosensors and
other synthetic architectures. Many biophysical aspects of
this interaction have yet to be understood in full detail. For
example, the effects of single versus multiple-site binding,
the conditions leading to insertion of segments into the
lipid membrane, and understanding when conformational
changes of the protein occur are all important but unre-
solved issues. This Letter focuses on the effects on lipid
monolayers of the binding of proteins through multiple
versus single specific binding sites. For the present model
system, we show that irreversible binding through multiple
sites on the protein leads to alteration of lipid in-plane
order, and that the kinetics and manner of rearrangement
change with the binding energy and film pressure.

Several lipid membrane platforms exist for biomimetic
studies, including vesicles, supported lipid bilayers, and
lipid monolayers at the air-water interface. Since lipid
bilayer membranes in physiological conditions can expand
and contract as they interact with proteins and other ana-
lytes, it is desirable to understand the interaction with
proteins under controlled pressure (variable area per mole-
cule). Langmuir monolayers offer a model system where
the surface area and surface pressure are not only con-
trolled but can be monitored to give additional insight into
the protein-membrane interaction.

In this study, the effect of protein adsorption on the
phase behavior of lipid monolayers was examined using
time-resolved grazing incidence x-ray diffraction (GIXD),
x-ray reflection (XR), and neutron reflection (NR). GIXD
yields information on the laterally ordered, diffracting
portion of the lipid monolayer [4]. By monitoring the
diffraction peak arising from the ordered packing of the
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lipid tails, the effect of protein binding on the structure and
phase behavior of the lipid film can be examined. XR and
NR provide information about the adsorbed amount as well
as the thickness of the adsorbed protein layer [5]. XR also
provides the in-plane averaged electron density distribu-
tion within the lipid monolayer [6].

Previous studies involving film balance, fluorescence
microscopy, and atomic force microscopy have revealed
that adsorption of proteins can alter lipid phase behavior
[7–10]. A handful of studies have examined detailed local
changes in the ordered packing structure of lipids in gel
phase upon protein adsorption by GIXD [11–15]. Several
of these investigated the effect of electrostatic interactions
on the extent of segmental insertion by varying the charge
on the lipid head group for a given adsorbing protein or
peptide [11,13,15]. In the present study we examined the
effects of multiple versus single specific binding sites on
the protein, and we followed the dynamics of the lipid
rearrangements with time-resolved GIXD.

We examined structural changes within Langmuir
monolayers of the metal-ion chelating lipid 1,2-distearyl-
rac-glycero-3-triethyleneoxide iminodiacetatic acid
(DSIDA) [16] upon interaction with the globular proteins
horse myoglobin (Sigma) and chicken egg white lysozyme
(Sigma) at a constant surface pressure (�) of 40 mN=m.
When loaded with a divalent metal ion-like Cu2� or Ni2�,
DSIDA targets histidine residues on the proteins. The use
of metal-ion coordination to target the adsorption of pro-
teins to lipid membranes has been studied extensively by
others [16,17]. With this convenient model system, the
energy of the specific interaction can be adjusted by the
choice of the metal ion loaded into the DSIDA headgroup.
Cu2�-IDA and Ni2�-IDA have interaction energies with
histidine of 8.1 and 6.8 kT, respectively [18]. Horse myo-
globin has a total of 11 histidines, five of which are
exposed on the surface in the native state. Lysozyme has
only one histidine, located on the exposed surface. Our
studies also included a synthetic alanine- and glutamine-
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FIG. 1. (a) Bragg peaks from GIXD for films of DSIDA=Cu2�

prior to injecting myoglobin, and at various times after injection
for a surface pressure of 40 mN=m. For clarity, the data have
been offset vertically. The solid lines through the data corre-
sponds to fits using two Lorenzians, where one Lorenzian was a
very minor component suggesting a possible slight distortion of
hexagonal packing of alkyl tails. (b) Bragg rod profile for the
Bragg peak for DSIDA=Cu2�. The rod was fitted (solid line) by
approximating the coherently scattering part of the acyl chain by
a cylinder of constant electron density. (c) Bragg rod profile for
the Bragg peak for DSIDA=Cu2�=myoglobin (9.4 h).
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rich �-helical peptide containing two central histidines
spaced �6 �A apart along the backbone. The helicity of
the 34-amino-acid-long peptide was confirmed via circular
dichroism (data not shown), and the positioning of the
histidines was chosen to ensure that both histidines could
readily bind to the monolayer. The process of binding and
rearrangement is relatively slow for the present systems,
requiring many hours to reach a final time-independent
state. This allowed a detailed study of the evolution of the
structure within the surface layers by GIXD, NR, and XR.

XR and GIXD were performed using the liquid surface
spectrometers at the Advanced Photon Source (CMC-CAT,
Argonne National Laboratory) and at HASYLAB (BW1,
HASYLAB, Germany). NR was performed using the NG7
(National Institutes of Standards and Technology) and
SPEAR (Los Alamos National Laboratory) reflectometers.
The experiments were performed using a Teflon trough
with one movable barrier containing a phosphate buffered
subphase at pH 7.3. Feedback control allowed measure-
ments to be performed while maintaining a constant �.
Addition and circulation of metal-ion and protein solutions
were accomplished using a peristaltic pump with inlet and
outlet tubes placed at opposite ends of the trough. DSIDA
was spread onto the subphase from a chloroform solution
to a pressure of �10–15 mN=m and then slowly com-
pressed to �40 mN=m. Upon addition of CuCl2 or NiCl2
to the subphase and circulation to give a final concentration
of 10 �M, a drop in � of� 10 mN=m was observed. This
was due to charge neutralization of the iminodiacetate
(IDA) headgroup upon metal-ion binding [16,19].
Subsequent to this drop in � the monolayer was com-
pressed to a value of 40 mN=m, and maintained at that
value for the remainder of the experiment. The protein was
then added to the subphase behind the barrier and circu-
lated underneath the monolayer. XR, GIXD, or NR data
collection was then initiated.

GIXD data for a DSIDA monolayer loaded with Cu2�

ions and also after injection of myoglobin (10 �M) are
shown in Fig. 1. One principle in-plane Bragg peak is
observed at the horizontal scattering vector component
qxy � 1:52 �A�1 for the Cu2�-loaded DSIDA monolayer,
indicating the existence of a 2D ordered lipid phase with a
hexagonal unit cell of dimension ah � 4:77 �A, � � 120�,
and area per DSIDA molecule � 39:8 �A2. We cannot rule
out a small distortion of the hexagonal cell suggested by a
slight shoulder on the lower qxy side of the peak. Shortly
after injecting myoglobin into the subphase the Bragg peak
almost completely disappeared (Fig. 1). Disruption of the
ordered packing occurred within minutes after first contact
with myoglobin. We note that no change in the Bragg peak
occurred when the experiment was repeated without Cu2�

ions in the DSIDA headgroups (data not shown). Thus,
binding through the specific interaction of histidine with
the bound Cu2� ions is essential to the process that desta-
bilizes the lipid ordered phase.

An altered Bragg peak slowly emerged after several
hours. Both the shape and position of the recovered
19810
Bragg peak differed from those of the original peak. By
9.4 h the peak had shifted to lower qxy (1:48 �A�1) and the
integrated intensity was reduced by a factor of 0.72 relative
to that prior to injecting myoglobin. The lower integrated
intensity of the Bragg peak of DSIDA=Cu2�=myoglobin
indicates a smaller fraction of the surface area occupied by
the ordered domains. The shifted peak position indicates an
increase in the size of the hexagonal unit cell to ah �

4:85 �A and in the area per DSIDA molecule to 46:2 �A2.
The shift in the peak position was accompanied by a
dramatic increase in the full width at half maximum
(FWHM) of the Bragg peak and a corresponding decrease
in the in-plane coherence length (the average size of the
ordered lipid regions) Lxy calculated using the Scherrer
formula [20] from 340 Å for DSIDA=Cu2� to 170 Å
measured 9.4 h after myoglobin injection. These results
all reflect the perturbative effects of adsorbed myoglobin.

Similar trends were also seen in the out-of-plane scat-
tering. The Bragg rod profiles integrated over the qxy re-
gion corresponding to the Bragg peak are also shown in
Fig. 1 for the DSIDA monolayer loaded with Cu2�

[Fig. 1(b)] and 9.4 h after injecting myoglobin
[Fig. 1(c)]. Prior to injecting myoglobin, the lipid mole-
cules in the monolayer had almost no tilt from the surface
normal. In that case the coherently scattering length of the
DSIDA tails measured along the molecular backbone, Lc,
was 22:5� 0:5 �A which is in good agreement with the
calculated length of the hydrocarbon tails in all-trans con-
figuration. However, the analysis of the Bragg rod after ad-
1-2
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sorption of myoglobin gave a shorter Lc of 20:1�0:5 �A
and a tilt of the tails of 10.3� from the surface normal [21],
further indication of alteration in the packing of the
DSIDA.

Analogous GIXD data for myoglobin adsorbing to
Ni2�-DSIDA are shown in Fig. 2. As with Cu2�-loaded
DSIDA, the principle diffraction peak disappears upon
initial interaction with myoglobin and then returns at a
slightly lower qxy. However, for the more weakly interact-
ing Ni2�-DSIDA, the time scale is slower and the shift in
the peak upon return is not as great (�qxy � 0:008 �A�1) as
with Cu2�-DSIDA (�qxy � 0:018 �A�1). NR and XR show
that myoglobin adsorbs to full monolayer coverage for
both Ni2�-DSIDA and Cu2�-DSIDA at constant area
[22] and at a constant � of 40 mN=m (data not shown).

An analogous study was performed with lysozyme in-
jected into the subphase (60 �M). In that case, no change
in the Bragg peak was detected despite the fact that the
surface density of adsorbed protein measured by XR and
NR also reached full monolayer coverage (data not shown).
Additional insight into the interaction of these two proteins
with Cu2�-DSIDA and Ni2�-DSIDA was obtained by
diluting the subphase following adsorption. For both lyso-
zyme and myoglobin, no decrease in the adsorbed amount
was detected by XR or NR over a period of 10–15 h
following dilution by a factor of 10 or more, regardless
of which metal ion was loaded into the headgroup.
Furthermore, this result was obtained whether subphase
dilution was performed at early stages of adsorption or
after attaining full coverage. These results indicate that the
interaction of a single protein histidyl with either
Cu2�-DSIDA or Ni2�-DSIDA is irreversible on our ex-
perimental time scale.

Further insight into the importance of multiple-site bind-
ing in disrupting lipid packing was provided in an analo-
gous study performed with the synthetic �-helical peptide
with two central histidines mentioned earlier. As observed
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FIG. 2. Bragg peaks from GIXD for films of DSIDA=Ni2�

prior to injecting myoglobin, and at various times after injection
for a surface pressure of 40 mN=m. For clarity the data have
been offset vertically.
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for myoglobin and lysozyme, the peptide adsorbed to
nearly a complete monolayer underneath the lipid layer,
whereas only slight adsorption was detected under the
same conditions for a control peptide lacking any histi-
dines. The GIXD data are shown in Fig. 3. Again the Bragg
peak nearly completely disappeared upon peptide binding,
but then reappeared on a more rapid time scale than was
observed for myoglobin. Importantly, in this case the re-
covered peak was unshifted from the original. These re-
sults further support the conclusion that multiple-site
binding is responsible for the disappearance of the peak.
In addition, combined with the data for myoglobin, the
results indicate that a separate phenomenon is responsible
for alterations in the recovered ordered phase indicated by
the shift and broadening of the peak.

Finally, an analogous study was performed with myo-
globin at a film pressure of 35 mN=m rather than
40 mN=m. These data are shown in Fig. 4. In this case
the system appeared to pass smoothly from the initial lipid
ordered state to a perturbed ordered state upon protein
binding, without passing through a state absent in-plane
order. However, we cannot rule out the possibility that the
peak disappeared and reappeared very quickly. Compari-
son of the results at 40 mN=m and 35 mN=m shows that
the greater mobility of the lipids at 35 mN=m resulted in a
reduced time scale for alteration of the ordered phase. In
addition, the shift in the peak position was greater (�qxy �

0:059 �A�1) at 35 mN=m than was observed at 40 mN=m.
We propose that the disappearance of the Bragg peak is

due to distance constraints imposed on the lipid monolayer
when a protein or peptide binds by multiple sites through
strong irreversible interactions. The system subsequently
rearranges into a new ordered phase that accommodates the
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lipids with bound protein. Several effects could explain the
alteration of the packing structure in the new ordered
phase, such as misregistry between the original lipid or-
dered phase and the binding sites on the protein, crowding
of the proteins underneath the lipid film, or insertion of
protein segments into some portion of the lipid monolayer.
The present data support the latter interpretation, as differ-
ent shifts were observed upon myoglobin binding depend-
ing upon both the interaction energy and the lipid film
pressure. If the distance between binding sites on the
protein or the protein dimensions dictated the structure of
the altered lipid phase, we would expect a fixed position for
the shifted peak independent of film pressure or binding
energy. Apparently segmental insertion occurs to a greater
extent for myoglobin adsorbing to Cu2�-loaded DSIDA
than for myoglobin adsorbing to Ni2�-loaded DSIDA, and
also at lower film pressure. The position of the histidines
on myoglobin may be such that some insertion of segments
into the headgroups is required for multiple histidines to
bind. Alternatively, there is some evidence that myoglobin
unfolds to some extent upon adsorption and this may play a
role in segmental insertion [22]. This reasoning then im-
plies that no insertion occurs upon adsorption of the pep-
tide to Cu2�-loaded DSIDA, as no shift was observed in the
recovered Bragg peak. The lack of insertion likely results
from the accessibility of the two histidines such that no
segmental insertion is required for both histidines to bind.

The binding domains of the bacterial toxins botulinum,
tetanus, and cholera all contain multiple binding sites [2,3].
The disruption of lipid packing through multiple-site bind-
ing may play a role in facilitating insertion of the catalytic
domains for these systems. The present work shows that
time-dependent GIXD is a powerful method to examine
subtle alterations in local packing in such systems.
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